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“This is not about “Interstellar
~Travel” i

Robert Goddard “Great . | RS - %
Migration” (14 January 1918) gi B

e F.A. Tsander “Flights to Ot
Planets and to the Moon” otes “‘4'
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- 1920s)
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Or Colonization (!) -

e J.D. Bernal “The World, The Flesh, and
“The Devil” (1929) o

* A.G.W. Cameron, ed.”lﬁt&st'e.llar 5
Communication” (1963) |

e Stephen H. Dole ”Habltablé ,
Man” (196%) | 2

Dandrldge M. Cole and Ro
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| lt is about the The New Frontrer in deep space
* exploration: the Interstellar Medium itself :
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" Heliosphere Concept (1971)

plasma beyond the shock forms a boundary shell. Behond this shell | - From Desslery s

the interstellar medium. and Park (1971)

INTERSTELLAR MEDIUM

~
- -

BOUNDARY SHELL

. | Draws on work

4
O.;r’ g

SUN'S

APEX

SHOCK
TRANSITION

SOLAR PLASMA
AND
MAGNETIC FIELD

" .
[ o

4 -

S L4

Axford etal -

O’. <
. - (1963)
Fig. 2 Illustrative Sketch Showing Possible Interaction :
Between Interplanetary Medium (the Heliosphere) and K =, DeSS|er

the Interstellar Medium Eos
Y (1967)
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~ 17t AAS Meeting in Seattle,

Washington, 28 — 30 June 1971
- _

Scientific and technical bases W _
for solar system escape B o BTRONAUTICAL = e

missions were discussed : |
S g The Outer Solar System
The forthcoming ﬂ@ts of Pioneers F and G will'see the
launch from earth of the first:spacecraft to leave.the .
=g . . AR Volume 29

solar system. In this paper, we describe the soIa-r_Wﬁd_ - Part ||

and howit forms ion of interplanetary space

called&he hellosph re. There is little known about ADVANCES IN THE ASTRONAUTICAL SCIENCES

M (Qr‘even where) the solar wind interacts with the

| 'lpéal in llar medium. Our understanding of the et

2 pIasrmi/I:n\”'é“grggl.cl ﬁeld interaction between thesﬁag - worrre iy
wind and inste rstel ellar dlum will be placed ona - D oo sttt
definitive_basis'by. infol ) obtained by the '

Spacecraft that Obta'ndata frm’nﬁatr%tlon . . '.f o s. = Distributed by UNIVELT, INC., PO Box 746, Tarzana, Calif. 91356
interaction reglon ,- BT 1y
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» Science Formulation — mid 1970s -

” By 1976 A “modest”

proposal had been . p Wi

incorporated in the | R

P o Qutlook v The 1976 — 107 AISEEISE hada ~
P b -+ significandscience driver

NI~ 1%00Y

AFWL TECHI
KIRTLAND

LOAN COPY . ICARUS 39, 486-494 (1979)

OUTLOOK FOR SPACE
Report to the Science Aspects of a Mission Beyond the Planets
NASA Administrator .
3 LEONARD D. JAFFE anp CHARLES V. IVIE
by the Outlook for Pronul b ,
* % X Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
- ) SPZICL Stlld_V Group Pasadena, California 91103
.‘ o ™~ January 1976 v Received July 26, 1978; revised April 10, 1979
NS '
.~ A mission out of the planetary system, launched about the year 2000, could provide valuable data

concerning characteristics of the heliopause, the interstellar medium, stellar distances (by parallax
measurements), low-energy cosmic rays, interplanetary gas distribution, and mass of the solar |
system. Secondary objectives include investigation of Pluto. Candidate science measurements,
instruments, and instrument development needs are discussed. The mission should extend from 400
to 1000 AU from the Sun. A heliocentric hyperbolic escape velocity of 50-100 km/sec or more is
needed to attain this distance within a reasonable mission duration (20-50 years). The trajectory
- -5 =y should be toward the incoming interstellar gas. For a year 2000 launch, a Pluto encounter and
< orbiter can be included. A second mission targeted parallel to the solar axis would also be
worthwhile.

| = - B o —
) ' f . MU S _ .-’ \?-( g - e

RPRNR . L e
;gx’mgiﬁh sics ubcomm ttee'Meeting .
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" An Interstellar Probe Has Been Advocated by

the Science Community for Over 35 Years .

NASA Studies

National Academy Studies

Outlook for Space, 1976

An implementation plan for solar system space physics, S. M.
Krimigis, chair, 1985

Space Physics Strategy-Implementation Study: The NASA Space
Physics Program for 1995-2010

Sun-Earth Connection Technology Roadmap, 1997

Space Science Strategic Plan, The Space Science Enterprise, 2000

Sun-Earth Connection Roadmaps, 1997, 2000, 2003

NASA 2003 Strategic Plan

The New Science of the Sun - Solar System: Recommended

M Roadmap for Science and Technology 2005 - 2035, 2006

Heliophysics: THE SOLAR AND SPACE PHYSICS OF A
NEW ERA; Recommended Roadmap for Science and
Technology 2009-2030, May 2009

- -
»

- 1July®015




| Keck Institute of Space Studles (KISS),
B Caltech: Workshops
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Goals of the KISS Workshops
%pablllty Push:

* (Can we reach the ISM in 10-15 years, rather than 36 (Voyé’ger
- 1/2)?

* Can we achieve solar- syst‘ﬁ escape veloutﬁf > 1.?_ AU/Yr "
- . venture deep into the ISJVI a%ﬁrst step towards re ach ng to
another St‘? -'. ’..'4: '.: ‘ > ;' &

' 3“ We%a Iow power aut't}lf@, . “'. ’ .
& . Survive > 50 years? . s .
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s Key Result of 2 KISS Workshops:
T “There is compelling science on the way to f/oe ISM,
at the ISM cma’ fmw z‘/ye ISM ’ Stone Alkalal Frlbedt'nhan‘ e

Zodlacal Sclence
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Key Heliophysics Suence Questions

"What are the characteristics of the termination shock, the

heliopause and the regionin between? . - W
e
“What is the influence of the mterplanet,ary magnetlc field Qn#@f
structure? -* _ * oan .:--_ _ -g‘*
=N iy il
_» What are the transport and a&glerahon processes in th se
regions? . g e R ! R

i I._

-

°. How does the distribution -

cti "'qu.%é io,ns. -
\wlve aJ‘,the trajectory of the~;

acec:r ft?

‘ . the solar cyclemﬂuenc'e “ .,,.‘ ics of t
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-Key Astrophysms Science Questlons

-

2 3 i

* What is the nature of the Zodiacal = S <
background? b e B

: - -_gx'.\‘ T - o
¢ Whatis the phy5|catm,te of the mter ella
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" “Science on the way to the ISM and
4 within our solar system

. ZodlacaI/Cosmlc
background saeﬁt’e

. Solar wind Smence
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‘Science of the Local ISM (> 50 AU )
- :

e ‘Termination shock

- J: 4"‘-
- “f

. Heliopause
. Hydrogen Wall
Bow shock
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Science of the Pristine 1ISM (>200 AU)
* Interstellar magnetic field: . s
direction, strength and ' 2
turbulence -

o - Cosmic- ray science -

',.Interstellar winds | [

-

INTERSTELLAR

PrimordigkBlackholes "

- ‘f_::-“ S (weakly-interacti

T % _: partlcles) 2 %
Org L& .-\ "(L ; . ' MAGNETICFIELD' \ -

- n-ﬂ COSMIC
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KBO Science (~ 30-50 AU )

Largest known trans-Neptunian objects (TNOs)

KBO science with very e

fast flypy S ‘ Qc ¢ ¢

3
5 l\ " *.1\

* Flyby speed > 60 kM/s. | e akamake  Howmen |
" v = Worwst & .
: _Cubesgt impactor 72%.

Large Kuiper Belt Object locations: 2010 - 2040

===Haumeca

A

=—=Voyager 1

Voyager 2

c ediphc ntude

=New Horizons hEc-Lat
& Heliospheric Nose

Quacar

Eris

Makemake

Helioce

Orcus
2007 OR10
Sedna
Ixion

100 150 200 250 Varuna

Heliocentric ecliptic longitude
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Science from the ISIVI (>50 AU)

_+ Radio Science - . "*'-‘ AT
« ‘Solar gravity lens focus (550 AU and beyond) =il f':"' |
. Exoplanets and KBO d&éC-thl‘l dete tibn ;4
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Taking 3 ﬁj;st step towards
another star: -
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: Science Goals |
-
From ISP STDT 1999: -
1. Explore the nature of the interstellar medium and its implications for

the origin and evolution of matter in our Galaxy and the Universe;
2. Explore the influence of the interstellar medium on the solar system,

its dynamics, and its evolution; - v - “
3. Explore the impact of the solar system on the mﬂ%tellar-medlum as
an example of the interaction of a stellar system W’BS |ts A‘ 8-,3‘"

enwronr¥nt ¥ R » -
~ 4. Explore the outersolar syste search of,_clue its origil

,5;;- the nature of other pIanetary
,‘;. ) ned version (McNutt): -

eﬂs.'\’. at is the nature of the ne; ‘E

- (.', .:'-.;;,\ ),the S nandgalaxy.a \"‘
'. - h O _ — : :
3. Whatjis'the Stiseture f,.the’heh
- 4 F'OW . | , 88 ...: ter i _, -_ \Q ) ‘r' ﬂ .0‘..

and evolve? ...’- x oy ,
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" Interstellar Probe Instrument Payload

TABLE 1. Strawman Instrument Payload (from Mewalt et al., 2000)

Instrument Additional Candidates
Magnetometer Kuiper Belt Imager

Plasma and Radio Waves New Concept Molecular Analyzer
Solar Wind/Interstellar Plasma/Electrons Suprathermal Ion Charge-States
Pickup and Interstellar Ion Composition Cosmic Ray Antiprotons

Interstellar Neutral Atoms
Suprathermal Ions/Electrons

3 RALY o

Cosmic Ray H, He, Electrons, Positrons Resource Requirements
Anomalous & Galactic Cosmic Ray Composition » Mass: 25 kg

Dust Composition  Bit Rate: 25 bps
Infrared Instrument  Power 20 W

Energetic Neutral Atom (ENA) Imaging

UV Photometer 5

. . ‘__\ \.‘ a, L

-

- .
i "
-

.f: rr;*
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00 < 1T U U U
3rd Interstellar Probe Science and
Technology Definition Team Mtg, 17- From NASA's Interstellar Probe Science and Technology Definition Team Report THIS WORK THIS WORK THIS WORK
19 May 1999, JPL
How does the composition of interstellar matter differ from |Elemental and isotopic abundances of significant PLS, EPS, CRS
that of the solar system? species ’ i
What constraints do the interstellar abundances of *H and  |2H, *He, and ‘He abundances in the interstellar CRS - LoZCR _ » Composition differential between the
He pl Big B d chemical lution theories? medium - Lo Interstellar medium composition solar system and current local
e place on Big Bang and chemical evolution theories? interstellar medium
Is there evidence for recent nucleosynthesis in the . e
e IR e Isotopic abundances of "light" elements CRS
. What is the density, temperature, and ionization state of the | Bulk plasma properties, composition, and q q
Expl_ore the mterstell_ar " interstellar gas, and the strength and direction of the ionization state and vector magnetic field in the MAG, PLS Thermodypamm and phys.'cal statelofithe
medium and determine directly interstellar magnetic field? interstellar medium very local interstellar medium (VLISM)
q the properties of the )
Whatisithelnaturelofithe interstellar gas, the interstellar [\, | the ionizati heati d Ch 1 ies, Ly-a fl I |PLS, LAD, NAI
nearby interstellar medium? ar gas, at processes control the ionization state, heating, an arge state, electron properties, Ly-a flux, neutral b , NAI, . "
magnetic field, low-energy dynamics of the interstellar medium? component properties ENA Energylinputsinjthe VLISM

How do the Sun and galaxy
affect the dynamics of the
heliosphere?

cosmic rays, and interstellar
dust

Explore the influence of the
interstellar medium on the
Solar System, its dynamics,
and its evolution

How much interstellar matter is in the form of dust and
where did it originate?

Dust flux, composition, pickup ion composition
(from sputtering)

CDS, (PWS), PLS|

Neutral matter assay for the VLISM

How much greater are cosmic ray nuclei and electron
intensities outside the heliosphere, and what is their relation
to galactic gamma ray and radio emission?

What spectrum of 10-100 micron galactic infrared and
Cosmic Infrared Background Radiation is hidden by
emission from the zodiacal dust?

What is the size and structure of the heliosphere?

Cosmic ray ion and electron energy spectra; low
frequency radio emissions

Detect heliospheric boundaries from their plasma,
field, and radio signatures

CRS, PWS

MAG, PWS, PLS,
EPS, LAD, ENA

Low-energy galactic cosmic rays

Heliospheric spatial scales

How do the termination shock and heliopause respond to

In situ plasma and field measurements on the time

Physical state of the VLISM

re and dynamics of the

Structu
heli here in the ind direction

o " : : MAG, PLS Heliospheric temporal variably L

solar variations and interstellar pressure? scale of a fraction of a solar rotation (~days)

How does the interstellar medium affect the inner Pickup ions and anomalous cosmic rays, high Spatial and temporal variability of the

Y ! ; om 4 PLS, EPS, CRS | | )

heliosphere and solar wind dynamics? energy electrons within the heliosphere interstellar medium properties

What roles do thermal plasma, pickup ions, waves, and Thermal plasma, pickup ions, wave, and . . L

anomalous cosmic rays play in determining the structure of [anomalous cosmic rays properties on the scale of PLS, EPS, PWS, |Inputs froml heliospheric interaction into Effgcts of the VLISM on the
A CRS - AGCR the solar wind heliosphere

the termination shock? the scale of c/w,,

What are the properties of interstellar gas and dust that Thermodynamic properties and composition of NAI ENA, CDS Properties of interstellar gas and dust in

penetrate into the heliosphere?

neutral gas; dust flux and composition

the outer heliosphere

What is the structure of the
heliosphere?

Does the heliosphere create a bow shock in the interstellar
medium?

Plasma and magnetic field measurements at ion-
inertial scale length from the heliosheath into the
interstellar medium (telemeter changes)

MAG, PWS, PLS

Determination of whether the solar
system produces an external shock

Explore the impact of the solar

What is the relation of the hydrogen wall outside the

Neutral atom and plasma ion distribution functions

Structure and properties of the predicted

system on the interstellar
medium as an example of the
interaction of a stellar system
with its environment

he!iopau§e to similar structures and winds observed in from the heliopause through the heliosheath NAI, ENA, PLS hydrogen wall
neighboring systems?
How do the Sun and heliosphere influence the temperature, | Particle properties from thermal plasma to galactic
ionization state, and energetic particle environment of the |cosmic rays from inside the heliosphere at regular |NAI, ENA, PLS, |Penetration of heliosheath properties into
local interstellar medium? How far does the influence intervals though the heliospheric structure and into |[EPS, CRS the VLISM
extend? the interstellar medium
PLS, EPS, CRS -
lon and electron measurements from thermal i e

How does particle acceleration occur at the termination
shock and at other astrophysical shocks?

plasma to low-energy cosmic rays on scales small
compared with the shock passage time by the
spacecraft

burst mode for
instruments as
appropriate

Characterization of particle acceleration
at the termination shock

Impact of the solar system on the
local composition and thermodynamic
properties of the VLISM

How did matter in the solar
system and interstellar
medium originate and
evolve?

Explore the outer Solar System

Is there structure in the Zodiacal cloud due to dynamical
processes associated with solar activity, planets, asteroids,
comets, and Kuiper Belt objects?

What does the distribution of small Kuiper Belt objects and
dust tell us about the formation of the solar system?

in search of clues to its origin,
and to the nature of other
planetary systems

How does the structure of the Zodiacal dust cloud impact
infrared observations of the galaxy and searches for planets
around other stars?

What are the origin, nature, and distribution of organic
matter in the outer solar system and the interstellar

medium?

Plasma and dust measurements on time scales of
the solar rotation period

Dust and pickup ion spatial distribution and
composition and composition variation with
distance from the Sun

Dust composition, pickup ions from C, N, O

PLS, CDS, (PWS)

CDS, PLS, EPS,
(PWS)

CDS, PLS, EPS,
(PWS)

Structure and dynamics of the Zodiacal
dust cloud in the outer heliosphere

Identification of in situ organic materials
or fragments in the heliospheric boundary

regions and/or VLISM

Properties and dynamics of bulk
matter in the outer solar system and
VLISM




Measurem
ent type

4

Compositi
on

Energy
range

FOV
Power (W)

N Mass (g)
Volume
' Prototype

Similar ins-
truments

Institution

B TRL

Solar Wind
ions

Protons &
alphas

0.2-5 keV

+45°
1.9

500
05U

Yes

WIND/
SWE/FC

SwRI

M. Desai, SWRH#)

Supra-

thermal lons

Protons &
alphas

3-70 keV/Q

~20° x 270°
4.5

1200
15U

Yes

Wind/STICS

SwRI

Electrons and
protons

lons

H, He, C,

NIOI Nel Mgl

Si, S, Fe

30 keV-4 Electrons: 5

MeV/n keV-10 MeV;
Protons 200
keV-100 MeV

+4° +45°

2-3 1.04

~1000 1100

1U 09U
Yes

WIND/ N/A

STEP

SwRI GSFC/SwRI

6

Electrons and
lons

H, He, C, N, O,
Ne, Mg, Si, S, Fe

Electrons: 100
keV-4 MeV;
lons: 1-50
MeV/n

+40°

2

500
04U

STEREO/
LET

GSFC/SwRI
3

",T'I;OCubeSat Plasma and Energetic Particle Instruments — (from

Electrons and
lons

H, He, heavy
ions

Electrons: 100
keV-4 MeV;
lons: 2-40
MeV/n

+45°

1.04

—-

1100
o9u

Yes

STEREO/
HET

GSFC
9
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““Comparison of 1999 and Cubesat Instruments

.

*’ Disclaimer: Includes only instruments for which
minaturized versions have been proposed, not flown *

’

: - P i
1999 NASA ISPSTD Report = iniaturized Versions

-
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Interstellar Probe Instrument Resources and Requirements

Spacecraft

Data

Requirements Product
THIS WORK IIE Team Consensus Payload
THIS WORK | THIS WORK
. Acquisition
MT;'::;I d Acronym Instrument Mass (kg) | Power (W) data rate Capabilities Implementation
(bps)
Magnetometer 8.81 530 130.00 |2- three-axis fluxgate magnetometers; do one sample 65 bits/sample x number of samples per day x number Magnetically B-field
MAG per day from each magnetometer (onboard processing of sensors; inboard and outboard fluxgate clean spacecraft vectors
from multiple samples per spacecraft roll period which is magnetometers mounted on 5.1 m, self-deployed
Fields Plasma wave sensor 10.00 1.60 65.00 |Three 20-m self-supported antennas; measure E-field From Voyager: 115,000 kbps -> 12.5 kilosamples per E-field
PWS vectros up to 5 kHz; no search coils (no B-field second with a 14 bit A/D. Collect 2048 samples and do Antenna at least power
components) onboard FFT- frequency of processing limited by ~20m length spectra
Plasma 2.00 2.30 10.00 |Plasma ions and electrons from the solar wind, Mount perpendicular to spin axis; need clear FOV for a Clear FOV in lon and
interstellar wind, and interaction region; thermal, wedge 360° around by ~+30° direction to Sun, |electron
Plasma and suprathermal, and pickup component properties and clear FOV in distribution
suprathermal PLS composition direction anti- function;
particles Sun; composition
equipotential
spacecraft
Energetic particle 1.50 2.50 10.00 |TOF plus energy measurements give composition and Mount perpendicular to spacecraft spin axis; clear FOV of Clear FOV lon and
spectrometer energy spectra; ~20 keV/nuc to ~5 MeV total energy 160° x 12° wedge; on-board processing with electron
for ions in 6 pixels; electrons ~25 keV to ~800 keV magnetometer output to get pitch-angle distributions pitch
EPS fordownlink angledistribu
tions
functions;
composition
Cosmic-ray 3.50 2.50 5.00 |Energy Range on ACR end (stopping particles) Measure ACRs and GCRs with 1 > Z > 30: double-ended Clear FOV Differential
spectrometer: H, He: 1 to 15 MeV/nuc telescope with one end optimized for ACRs and the flux spectra
anomalous and Oxygen: ~2to 130 MeV/nuc other for GCRs. It would also measure penetrating by
galactic cosmic rays Fe: ~2 to 260 MeV/nuc particles as is done on Voyager so that both ends composition
. CRS - Energy Range on GCR end need to have clear FOVs.
Solarenergetic | pcrigeR Electrons: ~0.5 to ~15 MeV
particles through - .
galactic cosmic P, He: 10 to 100 MeV/nuc stopping GCR end FOV = 35
rays 100 - 500 MeV/nuc penetrating ACR en
Oxygen
Cosmic-ray 2.30 2.00 3.00 |Energy Range: FOV = 46° full cone Clear FOV Differential
spectrometer: positrons: 0.1 to 3 MeV Geometry Factor = 2.5 cm2sr flux spectra
electrons/positrons, electrons: 0.1 to 30 MeV
protons, helium gamma-rays: 0.1 to 5 MeV Measurement technique
CRS - H: 4 to 130 MeV/nuc DE X E (e-, H, He)
LoZCR He: 4 to 260 MeV/nuc annihilation (e+)
Droge, W., B. Neber, M. S. Potgieter, G. P. Zank, and R.
A. Mewaldt,
A cosmic ray dectector for an interstellr probe,
nn A71.474 in "The Quter H
Cosmic dust sensor 1.75 5.00 0.05 |Same capabilities as the student dust counter (SDC) on Mount within 5° of ram direction; sesnor area/FOV of 30 Clear FOV in ram |Dust particle
New Horizons cm x 50 cm must not be obscurred direction mass and
cDS limited
composition
. Neutral atom 250 4.00 1.00 |[Measure neutral H and O at >10 eV/nucleon incoming Single pixel; mount looking into ram direction; conversion- Clear FOV in anti- |Neutral
Neutral material NAI detectror from interstellar medium [10 eV/nuc ~44 km/s; plate technology Sun (ram) distribution
incoming neutrals are at ~25 km/s with respect to the direction functions
Energetic neutral 250 4.00 1.00 |Views 0.2 to 10 keV neutral atoms, 1 pixel; ~6° x 6° FOV, mount with sensor looking perpendicular 1-axis scanner Energetic
atom imager to spacecraft spin axis perpendicular to  |neutral atom
ENA spin axis energy flux
Lyman-alpha 0.30 0.20 1.00 [Single-channel/single-pixel photometer (at 121.6 nm) Mount perpendicular to nominal spin axis; need clear field 1-axis scanner Lyman alpha
Photons LAD detector similar to those on Pioneer 10/11 (but without the 58.4 of view (~4° x 4°); average over azimuthal scan provided perpendicular to  |flux
nm channel) by spacecraft motion spin axis
35.16 29.40 226.05




"Physics Limits - Distance |,
- -

Transit times from Earth to $ _
200 AU : | 2 S
— Ballistic trajectories both with

and without Jupiter gravity — Diroct fight o
assists

. Optimized ggavity assist cuts
transit time by factor >2 for
C3: <_350 kmg/s?

. *Yﬁyl? ger 1 } 1 planetary
" 1&5 AU (18 Ilght hours) radius perijove

—'~375Ye kS routg

==Flight to 200 AU |
with Jupiter
gravity assist at
optimized
perijove
Flight to 200 AU

with Jupiter
gravity assist at

33.3 years at C3 = 200

25.5 years at C3 = 350

Flyout time from Earth [yr]

1,000

C3 [kmzlszl

1 July2015



Physics Limits - Speed
e .

* Voyager 1 is the
fastest object — oiretrigheto
leaving the solar
system
— Speed.ise3.6 AU

-per year (17 km/s)

* Twicet peed ————— ] e
. . yrat C3 =200 gravity assist at

yr (34 . 1 planetary

& i57.2 AU e

= Flight to 200 AU
with Jupiter
gravity assist at
optimized
7.99 AU/yr at C3 = 350 perijove

Flight to 200 AU

=
~
=
<
©
V]
V]
Q.
w
o
=
=)
-
£
<

Ny ™, 1,000
€3 [km?/s?]
- ﬁ'. ':-“" ™ B
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““Interstellar Probe
* Notionalmodelo.fan_ T R s S . Friaaetaginia ol

Interstellar Probe. Notable
features include the high-gain .
‘antenna (HGA) for |
ications, rad|0|sotope
. power supplies (
' electrical power, boom for the
(kS magnetometer (lower left) and
:‘3‘. antennas for plasma wave
B detectlon '
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Large NEP Systéms?

housand AU

- Mission (TAU)
{(Nock, 1987)

¢ Nuclear Electric
to 1000 AU

- 1MWe

ﬁ»rz 5 kg/IeN

g :“* specﬁ"lc mass

wger: ‘? I‘ra
B




Or back to small?

*NASA Interstellar Probe
Science and Technology
Definition Team (IPSTDT)
stood up in 1999 to relook .
at the precursor
“problem”

A small spacecfaft using a
solar sail for propulsion and a

near.Sun encounter was
basa.llned

0 day tics on spacecraft path

' To 20@ in 15 years ' P -
Payloa&‘f uirements similar alian®




AI'I in-space propulsmn approaches to an Interstellar Probe

Mission Need Propulsion Development

O Ballistic (NIAC 2004) e Nuclear Electric (JPL 1980) e Solar Sail (NASA 1999)

— optimized launch 20 — 2015 departure 20 years — 200 AU in 15 years
Feb 2019 to 200 AU — Perihelion at 0.25 AU
— Jupiter flyby 19 June — 30 kg science package — Jettison 400m dia sail
2020 — Bimodal nuclear at~> AU ;
— Perihelion maneuver 4 propulsion — 25 kg science
Nov 2021 at 4 RS _ 114 MT _ 246kg

— 1000 AU 17 Oct 2071
— 12.16 kg science
1.1 MT

.'-.. '*'.A ."." “" ' : L PR ATAE b s -.\L ~ v v 4
8.Septenj£)er 2 - - 43@"‘ExplmethéInterst'ellar-lVIedﬁﬁ-n‘-



- ‘Radioisotope Electric Propulsion (REP) and Solar Sail Implementations have been
examined in some depth

REP Implementation (lIE)

!V

Jet Propulsion Laborato

ADVANCED PROJECTS DESIGN TEAM
INTERSTELLAR EXPLORER VISION MISSION
CUSTOMER: RALPH MCNUTT
REPORT ID #794
LEADER: CHARLES BUDNEY
5, 7, 8 APRIL 2005

The following repressatatives coxgprised the stody tean

. Phone # E-Mal
B10-335-18268 jobert | Kinsey@a2r0.org
£-3145 =0t Randopn@iol n3s3
5-2838
B-2511
-3961
B-32689 bert Gustav! .N353.00V
k-9514 ]
rian. Down: N353.00V
9263 ] 10-112461 @pinasa qov
k-5365 PaulJ Timmerman @iplnasa.
5304 Paul.R Wocdmansee@jpl.nasa gov
k-3612 AIam.D.Smythe@plnasa qov
1-3123 .J Kiose@ipl nasa qov
1-5308 IGerarao_Flores@|ol.n3s3 .qov
k-1204 Tracy Leavens@ipl nasa qov
k-5219 Va3l .N353.q0v
Farinaz Tehranl 5-6230 amnaz. Tehrani@iol.n3s3.qov
ake Robert k-5381 bert N.Miyake LN353.

-
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Solar Sail Implementation
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@ esa.

=HNEStUENUNSESEEEa

STUDY OVERVIEW OF THE
INTERSTELLAR HELIOPAUSE
PrRoBE

AN ESA TecinoLOGY REFERENCE STUDY

Planefory Exploration Studies Section (SCI-AP)
Science Paylood and Advanced Concepts Office (SCI-A)

Le]

Flute Comets -

. e b
- Mercury veus

e ©<=0 0

prapared by/prépard par AE. Lyngvi, ML. van den Berg, P. Falkner
refzranca/réferencs SCI-A2006/114THP
ssva/ddition 3
. revision/réwsion 4
v N date ofissze/dore 'édtion 17/04/2007
. r stalus/dtat Released
® Documant type/typs de dowment Public report
abling TECHMOTORTES

Interstellar-Medium



Launch Vehicles

Launch Vehicle Lift Capabilities

M Low Earth Orbit (LEO)

m Geostationary Transfer Orbit (GTO)
M Translunar Insertion (TLI)

m Mars

m Geostationary Orbit (GEO)

»”

Comparison
of current”
and notio'nal
launch

vehicle

5

o
..,,w,:g
for |
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The SLS Block 1B Could be Enabling

* Four notional approaches: .
1) High C3 launch 4

Add Juplter gramtywlst

....

1 fulyZO.J;S



Performance of various large-launch
s vehicles to large launch energies

Payload system mass (mt)

/

40 60 80 100 120 140 160 180 200 220 240 260 280 300
Launch energy C3 (km?/s?)

400 kg

0.1

0 20

»
.

_ _+ heliophysics Subcommittee'Meeting

1 Julyp2015
g v

===Falcon Heavy (2014)

===Delta IV H (2014)

=== Atlas V 551 (2014)

===SLS Block 1 with DCSS

== Atlas V 551 (2007)

~==Atlas V 551 + STAR
48BV (2007)

===SLS Block 1b with
Delta IV upper stage

3rd stage
SLS Block 2 with Delta

IV upper stage 3rd
stage

«===SLS Block 1b with LUS
(4 RL10s)

~==SLS Block 1 with iCPS
(1 RL10)




o Reference Mission Goals

Send a spacecraft to the interstellar medium, capable of: =

1. Reaching ~200 AU in ~20 years from1aunch i
2. Travellmg at high sola*system escape ’ﬁloaty (13 AU / Yr )

. >500 AU in 50yea§(opt|on 4): & . _:.'__‘_ il

. Lol
i . Voyager‘l 355“[Y%qu Hor|zo s 2.5
" Y . ‘ '. :

Survwablllty

Desugn for 20 yea

" .. 4.Cos ;.._ 2 Billion oriéss

\ -v— v
.. o ”0

B ""w -';:,L

3. F|t on aqgs Blo ‘r



Mission Design Overview
" | |

* Areference mission was designed - * A
between the two KISS workshops, in . :
conjunction with Team-X (J

junct | (JRL) . -
* KBO flyby was not considered for'the ' At

Team-X deii'gn. Simpler problerfft. .

-~

Launch energy
(C3, km?/s?)

Launch mass
(Metric Ton)

E-J-Sun-Escape

E-AV-E-J-Sun-Escape

Enabling Features:
* Perihelion burn provides breakthrough escape velocity of > 13 AU/ Y.

* Low launch C3 ‘banks’ delta-V for use at perthelion
* Launch on a near term SLS-1B



Spacecraft Overview

One probe with a single solid rocket motor. “Perihelion Kicks
Stage” and another bi-propellant “Deep Space Maneuver”

stage for ~500m/s of leta-v prior to t<h'be perihelion burn. .

B

- -

-'4'./4{.;;".'; . : . . . d
*&?’a I;enhehon Kick Sta

Launch C3 = :
Total S/C mass ~ 16,766 kg &
Probe mass ~ 544 kg -

Payload mass ~ 40 kg



Three Stages

‘». ISM Probe

2. Perihelion Kick Stage %
' * 3 axis stabilized =7 "’,‘
* Hed®Shield o

.' Py

R

eep Space Maneuver stage %

“5 s Bi-Prop system- i
“LoadQearing structure - -

© - wdriversp R -

Spinner . ,._~ ,
Big ACS (22N and 0.9N - ,?p“:
thrusters) P8
~500 KG >

Truss and support structur
SRM (deployed)

eqr—

3 axis stabilized

""‘E"' @ss and cost -

i -




"+ Mission Design Overview -

’.’aunch V,, = 6.875 km/sec - <
1.b Launch Date = Feb-19-2027 |

2.a DSM date = Dec-27-2028 * 7 o
2.b DSM AV = ~0.4 km/sec . . V. ~13AU/ Y.
2.c Post DSM Earth Flyby date = Jan-12-203(4)* €
.3.a Jupiter Arrival date = July-15-2031 s ’
3.b Jupiter Flyby alt. (km) = 621781 .

3.c Jupiter.Fbey V., (k“s) =12.01

4. a,Dro'p Bi- prop stage and assomated mass
4.b Drgp off distance = before perihelion

-
-

» ‘5 S@Mr Encounte ® = June-22-2033

5 ‘4‘ ripelion distance = 2.8 solar radii
M AV (km/s) = ~5.55 R
e mye nch to perlhellon- ~6 34 yrs,,

. - -~ '

: - N A A e -1 . "o

< 6 : *.("ft.r' ;')\‘ N AU > ~ \"‘ "
6bSe arate ISM L g "=

p T "\".-'- k- T "‘."-.: ol -

" . % ) - ’.-°~. - - @ ‘ -:‘

7.a Solar systemes e Vo =~1 T
7.b Time to 200 AU = ~21 "‘z _g\..

—_ ‘. .

w



- Computed Trajé:‘ct.or)/ R

) Flyby:Earth
- I 1/12/2030
) i tof: 1058.2 days
- 2r flyby alt: 500 km
i VZZ ¥ 0.35 km/s

Solar Perkellion
.-6/22/2033

A tof: 2315.0 days
Av: 5.55 km/s® DSM
12/27/2028

-~ I Depart:Earth
. Or 2/19/2027

o8 I I tof: 0.0 days
- I v_: 6.87 km/s

tof: 677.0 days
Av: 0.400 km/s
-4 i lyby:Jupiter
- 7/15/2031
I Dtof: 1607.7 days
L flyby alt: 621781 km
ali v 12,01 ks
-8 i




Solar Perihelion Rocket Motor

~* STAR 75 with Grapth i
case ' -

. “1ﬁons-offuel
,-. . 315 ISP 4

t oyable gas . &
o nozzle.- Kt 1 S

?. ; o v : -
"‘\."" ‘...' e
- “ " '.‘, . .~ s -
< ‘é‘ . ?', \1 N A -

-3\-‘



Heat Shield Design Overview

Slew to make S/C face the Sun as it approaches perihelion

* Use conical heat shield to protect (like JPL Solar Probe)
.+ Slew to face the sun‘as we approach perihelion

* CBE Mass, primary conical shield = 183 kg. o’

« Slew side ways close to the perihelion burn, flrejhe SRM and then

_ back to the Sun facing mode -
. Need ~ 25;3

« . Assume 5 mins burn time (conserva

-
mins for the whole event

¢ 25 mins to slew in and slew out

DeS|gn r0.15 deg/sec J

%' Use secondary flat plate heat shleld e

: nservatlve deS|gn

4 u,"éL: e : ~m.,-_ ond: ryflat plate _?ga. f\.. R

o '\..:- « 1 'J'c -'.

e Sin Ie, b '.-'-"L- >als ""'l'..- 0 3 Uty
- :9"'.‘ ",‘0' x 4' .y °‘ L N 3
— -l L . J .
' P
« Added Materlal E v [
o !' r’;:\"‘- :
= O R P g S
-~ - 5‘.’:_? -— . . | - - 3 SR T

w



“Solar Encountet Con-Ops

Separate probe from kick
stage at 1 AU

Slew Spacecraft back to
original sun-pointed
orientation

Slew Spacecraft to keep
primary heat shield
pointed to the sun

Fire SRM
(3-5 min)

- .»\.\. S day . - AtV S5

o' g . ' - € . . Slew Spacecraft sideways
- : ‘o Slew.Spacecraft tq keep . . - --ﬁ to get in SRM burn
Separate DSM - primary heat shield . - position
stage before pointed towards the sun _

Mercury o i -!\ A




Enabling Technologies for Mission

-

' Thermal protectlon system for low solar
perihelion burn. ' R 24! _.e-i"*'@.,;

* Vector + extended nozzle Star or hybrld motors e RS

e Multi use Optical Instrurﬁ?nt..

1. Optlcal Science instrume

-»KBO:-lmager at high veIocmeS o G 8

= »Zodiacal background sci t ’

2..3,Opt|c awgatlon and comm__-. icati

termi o '7 e
A ;‘1‘ 1ced RTG power source ._ |

s SBIIMRTG already under dev

- V':.‘Af" > Al -
‘-. A | Aln» ~Vatl e ~ .‘ "5 -
vires. etter R
' LOW* 0\ v'~ ~ aff systems and TR LR
. M|n|atur|ze s. Str .i nts : B
"‘ /, ‘.rr". .'..'

(tGIECOm) U. J o] n“-—_n{" ',‘;._."'-" 2hat oo - s :A.: ".
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Enablers for ANY Architecture |
R

“Affordable” Iaunch vehicle |nclud|ng high- W
_energy stage " .;.w

* kWe power Supply-wlth low Speq.ﬁc mass A
Sk — PU- 238 IS . ] ;- =

) ® '\‘:.. - '.‘ 3 .:-?.‘ n."!-‘.‘.
» Reliablé®and sensitive de "p,._gpac‘:e e

communlcatlons at

3 | a-Da d ) 0, .

. Mission operations and data an aly.

&.. R ‘too N
s 10 M per year for 30 yea S i 7R
<Y ..ﬂ-&' ' g . . -o o ". ."-b
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" “Vision Mission” REP Mission Design Options

! Various upper sfage i o) Baselined single Jupiter

options for Delta IV H flyby - prime opportunity” /1.
h every 12 years _
were studied *

 Investigated 12 existing *
- and conceptual upper
stages e

* - Final system was too
heavy for itar 48 + Star

?7 uppe age’
._‘!:ﬁ.ant to a Star 48A wf
= le stack” with T

-t

_ custor

8 September 2014 - L TN RLM - 52
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" Assembling the Pieces

’. : <— Ares V Composite Shroud

<
* Figureisto approximate scale . - lIE Spacecraft v
« Earth Departure Stage is only partlally fueled to optimize  centaur V4 |
launch energy : () et e o ana e
* First iteration: C;~270 km?/s? - : - T e o
— Corresponding asymptotic speed from the solar system is ~¥19.0 I — Ares VEarth
km/s ~ 4 AU/yr o R Erae e
— New Horizons&* e T ’ AL TanksiStructures
- =" * launched to 164 km?/s? * ' ﬁ; o
* Pluto flyby at 13.8 km/s = 2.9 AU/yr _i}: %" : Ares V Interstage

3 :Voyager 1 t speed = 3.6 AU/yr

— Voyager 2 current speed = 3.3 AU/yr ' ) 4 | ?;?BXECI:‘;:‘% Stage
ii!‘“\fq (éach 9.5 AU/yr.(45 km/s) with only a launch from Earth N ; Loxuhz
", would¥€guire C; = 1,016 km?/s? .
- Even with

Length: 109.20 m (358.20 ft)

‘,, A es v Iaunch remalns only on%@o L\": , Core diameter: 8.40 m (27.5 ft)
- -

5-Segment
2 RSRBs

Payload: 124.6 MT LEO

Earth orbltal speed-~29 79 kﬁl/s; WSRO 7B e il ENTE sowrm
; . -,_ pd A0S o A o i LARE (2117/08)

v " RLM -53

A ““ . =€
. SeptemE)er 2B - Explore the Interstellar: Medlum



“Nuclear Upper Stage
* : ¥ |®<_ Ares V Composite Shroud

A
* Nuclear stage advantages . lIE Spacecraft
—  More performance than Centaur V1 - 7‘ NERVA Gamma

—  Lower mass 15 k|bf Nuclear stage for Shuttle (1972)
- y | 4 Diameter: 4.50 m (14.70 ft)
— Earth escape trajectory _* BNTR Length: 18.29 m (60.00 ft)
A - s 2 One NERVA Gamma engine
— . Fully flight qualified . engine
. " - Ares V Earth
* Nuclear stage disadvantages - e — Departure Stage
—  More expensive than Centaur o 1L é;(zl’lffzng'“e
— + Larger (low LHZblume) L FaetEs bl B Al-Li Tanks/Structures
— " Not solar system escape trajettory . - :ﬁ; s
—  Requires development ' _"’}}7 A : S Ares V Interstage
. " Gamma engine thrust 81 kN (18,209 1bf) . " - \ 4
4 - BNTR t 66.7 kN (15,000 Ibf) :
* * 3 BNTR’ s baselined for Mars DRM 4.0 of 1999 . 1S A | Ares V Core Stage
‘ | 5 RS-68 Engines
quear Earth Departure Stage not acceptable - ; . ' LOX/LH2

Al-Li Tanks/Structure
arth-esca pe trajectory

Core diameter: 8.40 m (27.5 ft)
5 g Length: 109.20 m (358.20 ft)
ote : . o i % T - 5-Segment
Compa‘re S I\LB: 19,900 _— 2 RSRBs
- Ibf) S5 : . -’.‘ Jas : e e ! 3 Payload: 124.6 MT LEO
N NO development plans or |dent|ﬁed?§q-u‘"r N ’ . - . : L ft?éﬁlvlinw-l\;l:sLtl!onautix.comllvs/aresv.htm
e ' v o N ¢ PR e g R K (2117/08)
. SCFen 5 C N H ~~h \ .
2014 = 4 ' ' v " LM -
. Septem?er . - <o Explore the Interstellar: Medlum o -



~~Comparing the Options: Speed to
200 AU and Beyond

Ares V/Centaur

Ares V/2-Engine Centaur
Ares V/Nerva

Ares V/Centaur/No EP

2 B
Ares V/2-Engine Centaur/No EP
fetvihri * Probe speed
Ares V/Centaur/lJGA
Ares V/2-Engine Centaur/JGA
Ares V/Nerva/JGA - Ve rs u S
Ares V/Centaur/JGA/No EP . 1 A "
Ares V/2-Engine Centaur/lJGA/No EP h I t
Ares V/Nerva/JGA/No EP e I Oce n rl C' -

Ares V/2-Engine Centaur/Star 48V/JGA/No EP 7/ "
.

distance 4
o T 7,
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Comparing the Options: Time to 200 AU

E

o | Spread among -
- // /// _ options is.~22 to

38 years to 200

N\
R

160 -
AU
140 ~ u
2 / o [ { _3 »
< 20 , | Widens.i : il 4
E Ares V/Centaur .,.b - f
2 - / Ares V/2-Engine Centaur to eve -
2 Ares V/Nerva e T “‘v_
= / Ares V/Centaur/No EP d I AN P
8 80 Ares V/2-Engine Centaur/No EP e T
E Ares V/Nerva/No EP -
Ares V/Centaur/JGA » ¢
ob Ares V/2-Engine Centaur/JGA v
Ares V/Nerva/lJGA ¥
40 Ares V/Centaur/JGA/No EP
Ares V/2-Engine Centaur/JGA/No EP
Ares V/Nerva/JGA/No EP
Ares V/2-Engine Centaur/Star 48V/JGA/No EP

| 1

15 20 25 30 35 40
Time, years
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* Notional versions
of the SLS
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S e -S-A"
s The cargo version of
SLS Block 1b |w the
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4’ Our Heliosphere is the Key to
@Iheosﬂlgggnsﬁlctu re :

=
@)
[

Distance (light years)
(@]
|

0 A SRR .

] . Galactic Center: ——» o
=0 e 0 10 20
Distance (light years)




" “Interstellar Probe Is a High Scientific
B . Priority :

 Development of sufficiently large Solar Sails

and use of Nuclear Electric Propulsmn (NEP-)
remain problematic

* Radioisotope electric promlon (REP) offers *
advantages but also compllcatlons

. A ballistiggolution is enabled w

‘with

- ;Eapabnny

@Op tlma?dows open every 12 ye?s
Ea Y f(]u.pner revolution about the Synfto ﬂy tQ
ST ough the hellospherlc nose 2014, 202¢€
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=+  |tisjust a question of how and

when... ,

e N .iv. L

de Solar.! -“_"“.;;L"_..Kg‘o (above)
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